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Renal toxicity by melamine in combination with cyanuric acid (1:1) was investigated. Male rats were 
orally administered melamine plus cyanuric acid (5, 50 or 400 mg/kg each) for 3 days. In contrast to a 
negligible effect by melamine alone (50 mg/kg, a no-observed-adverse-effect-level: NOAEL), co- 
administration with cyanuric acid markedly increased the concentrations of blood urea nitrogen and 
creatinine, as well as kidney weight. A high dose (400 mg/kg) of melamine plus cyanuric acid induced 
more severe kidney toxicity. The increased blood parameters for kidney toxicity and organ weight lasted 
longer than 4 days. Combined treatment with melamine and cyanuric acid (50-400 mg/kg each) resulted 
in many gold-brown crystals and toxic lesions in renal tubules, which were not observed in animals 
treated with melamine alone (50 mg/kg). These results indicate that only a 3-day exposure to melamine in 
combination with cyanuric acid causes severe renal damage, even at a NOAEL for melamine found in a 
13-week toxicity study. Therefore, it is suggested that the tolerable daily intake or regulatory/management 
levels of melamine need to be re-considered for cases of co-exposure with cyanuric acid. 
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Numerous dogs and cats were poisoned, and many died 
after consumption of pet feeds adulterated with gluten that 
was contaminated by melamine in the USA and Korea in 
2004 and 2007 (Brown et al, 2007). More importantly, about 
294,000 children suffered from renal dysfunctions after 
consuming milk powder contaminated with melamine, and 
6 children died in China in 2008 (Ingelfinger, 2008; WHO, 
2008). 

Melamine analogues, such as ammeline, ammelide and 
cyanuric acids, are formed as byproducts during the process 
of melamine production or by bacterial degradation (Cook 
et a/, 1985). However, melamine and cyanuric acid are not 
metabolized by mammals (Ames et al, 1979; Hammond et 
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al, 1986). Gluten, a source for the outbreak of animal 
poisonings, was shown to contain 8.4% melamine, 5.3% 
cyanuric acid, 2.3% ammelide, 1.7% ammeline and other 
melamine analogues (<1%) (Dobson et al, 2008). Melamine 
and cyanuric acid are thought to form a crystal structure 
after they bind with each other (Puschner et al, 2007). 
Accordingly, Dobson et al (2008) demonstrated that renal 
calculi and tubular damage could occur when rats were fed 
3-day combined melamine and cyanuric acid at 400 mg/ 
kg each. These doses were adapted from the level of 
contamination in pet diet that had induced the same toxicities 
in cats. 

The no-observed adverse-effect level (NOAEL) of melamine 
was originally found to be 63 mg/kg based on the induction 
of renal toxicity (bladder calculi) in a 13-week toxicity study 
using rats treated with melamine alone (OECD, 1998). Thus, 
a tolerable daily intake (TDI) for humans was determined 
to be 0.5-0.63 mg/kg, with a safety factor of 100, in Europe 
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and the USA, although the TDI was recently reduced by 
an expert group at the 2008 WHO meeting to 0.2 mg/kg 
(WHO, 2008). Cyanuric acid also did not induce marked 
renal toxicity up to 1 50 mg/kg in rodents, leading to 1 .5 mg/ 
kg of TDI (Hammond et a/, 1986; OECD, 1999). Against 
this background, we examined if kidney toxicity could be 
induced by the treatment of melamine in combination with 
cyanuric acid to rats at NOAEL and contamination levels 
in milk powder or animal feed, compared to the toxicity 
induced by melamine only. 

Materials and Methods 

Animals and treatment 

Seven-week-old male Sprague-Dawley rats were purchased 
from the Orient-Bio Co. (Seongnam, Korea). The animals 
were housed at the Laboratory Animal Research Center of 
Chungbuk National University, Korea. The animals were 
maintained in a room with constant temperature of 22±1°C, 
relative humidity of 55±10%, and 12-h light/dark cycle, and 
fed standard rodent chow (Samyang Co., Gapyeong, Korea) 
and purified tap water ad libitum. 

After 1-week acclimation to the laboratory environments, 
the animals were orally administered melamine (Sigma, St. 
Louis, USA) alone or in combination with cyanuric acid (Sigma) 
for 3 days. These were dissolved in carboxymethylcellulose 
(1 %) at a ratio of 1 :1 according to the stoichiometric reaction 
(Puschner et al, 2007; Dobson et al, 2008). The rats were 
divided into several groups (n=6 per group): 1) the highest 

contamination level in pet diet (8,000 ppm^400 mg/kgeach 
melamine and cyanuric acid), 2) the NOAEL (50 mg/kg each) 

and 3) the mean contamination level in food (100 ppm^ 
5 mg/kgeach). Additional groups were allocated for comparisons 
with the toxicity by melamine only (50 mg/kg melamine), 
and for examining the recovery from nephrotoxicity following 
withdrawal of the treatment. All experimental procedures were 
approved by the Institutional Animal Care and Use Committee 



of Chungbuk National University. 

Gross and microscopic examinations 

Twenty-four hours after the final treatment, the rats were 
sacrificed for the measurements of kidney weights and for 
gross and microscopic examinations. Separately, several 
animals (n=6) treated with 50 or 400 mg/kg of melamine 
and cyanuric acid were examined for their recoveries 4 days 
after the last treatment. Formalin-fixed, paraffin-embedded 
tissue sections (4 |um in thickness) were stained with hematoxylin 
and eosin, and examined under a light microscope. 

Blood biochemistry 

At the time of sacrifice, blood was collected form abdominal 
aorta, and then centrifuged at 3,000 rpm for 20 min after 
coagulation storage at 4°C for 30 min. Serum concentrations 
of blood urea nitrogen (BUN) and creatinine were analyzed 
using an autoanalyzer. 

Statistical analysis 

Resu Its are expressed as the mean±SD. Two-grou p com parisons 
used Student's t-test. Differences were considered statistically 
significant at P<0.05. 

Results 

Based on the serum biochemistry and kidney weights, it 
appeared that a low dose (5 mg/kg) of melamine plus cyanuric 
acid did not induce renal toxicity (Table 1). However, the 
rats administered 50 mg/kg of melamine plus cyanuric acid 
showed marked increases in the levels of blood urea nitrogen 
(BUN) and creatinine as well as their kidney weights. By 
comparison, the animals treated with melamine alone (50 
mg/kg, a NOAEL) showed only a slight increase in BUN, 
with no effects on the creatinine level or kidney weights. 
The increased BUN and creatinine levels induced by the 
combined treatment with melamine and cyanuric acid (50 



Table 1. Serum blood urea nitrogen (BUN) and creatinine concentrations and kidney weights of rats orally administered with 
melamine alone or in combination with cyanuric acid for 3 days 



Treatment (mg/kg) 


Day after final 
administration 


BUN 
(mg/dL) 


Creatinine 
(mg/dL) 


Kidney weight 

(g) 


Vehicle (1% CMC, 5 mL/kg) 


1 


17.33±0.41 


0.57±0.12 


1.64±0.20 


Melamine (5)+cyanuric acid (5) 


1 


16.35±1 .61 


0.60±0.12 


1.61 ±0.08 


Melamine (50) alone 


1 


27.53±2.85* 


0.93±0.96 


1.69±0.04 


Melamine (50)+cyanuric acid (50) 


1 


157.03±97.99* 


2.43±1 .26* 


2.30±0.43* 


Melamine (50)+cyanuric acid (50) 


4 


41.90±8.67* 


1.03±0.06* 


2.80±0.15* 


Melamine (400)+cyanuric acid (400) 


1 


224.80±55.35* 


3.10±1.21* 


4.33±0.54* 


Melamine (400)+cyanuric acid (400) 


4 


126.67±29.62* 


2.50±0.70* 


3.70±0.11* 



CMC, carboxymethylcellulose. *Significantly different from vehicle control (P<0.05). 
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Figure 1. Gross findings of the kidneys of rats given oral melamine (M) alone or in combination with cyanuric acid (C) for 3 days. 
Control, 1% carboxymethylcellulose (5 mL/kg); M5+C5, 5 mg/kg melamine+5 mg/kg cyanuric acid; M50, 50 mg/kg melamine; 
M50+C50, 50 mg/kg melamine+50 mg/kg cyanuric acid; M400+C400, 400 mg/kg melamine+400 mg/kg cyanuric acid. 



mg/kg each) were remarkably decreased, but still remained 
statistically higher than controls after 4 days of withdrawal. 
However, the kidney weight did not recover. A higher dose 
(400 mg/kg) of melamine plus cyanuric acid induced more 
severe kidney toxicity, for which the increased blood 
parameters and kidney weights lasted longer than 4 days. 

On gross findings, no changes were observed in the animals 
treated with 5 mg/kg of melamine plus cyanuric acid or 50 
mg/kg of melamine alone (Figure 1 ). However, the rats treated 
with the combination of melamine and cyanuric acid (50 
mg/kg each) showed enlargements of the kidneys with gold- 
brown colors. These changes (swelling and discoloration) were 
much more severe in animals treated with 400 mg/kg 
melamine plus cyanuric acid. 

Histopathologically no toxic lesions were observed in the 
animals treated with 5 mg/kg of melamine plus cyanuric acid 
or 50 mg/kg of melamine alone. By comparison, many bluish 
brown crystals were found in the distal tubules and collecting 
ducts of the rats treated with the combination of melamine 
and cyanuric acid (50 mg/kg each) (Figure 2). In addition 
to these lesions, eosinophilic, amorphous, proteinaceous casts 
filled in the severely-dilated renal tubules in the kidneys of 
high dose rats of melamine plus cyanuric acid (400 mg / kg 
each). These crystals were present even in atrophic glomeruli. 
Numerous hyaline droplets accumulated in the epithelial cells 
of proximal tubules. It is of interest to note that acute tubulo- 
interstitial nephritis, characterized by severe infiltration by 
neutrophils in the tubular lumen and interstitium, and fibrosis 
occurred. 

Discussion 

Since triazines including melamine and cyanuric acid are 
not cytotoxic to kidney cells, it is proposed that the 




Figure 2. Microscopic findings for the kidneys of rats given oral 
melamine plus cyanuric acid for 3 days. A, 50 mg/kg melamine 
alone, exhibiting normal features; B, 50 mg/kg melamine+50 
mg/kg cyanuric acid, displaying many bluish brown crystals in 
distal tubules and collecting ducts with focal dilatation; C-F, 400 
mg/kg melamine+400 mg/kg cyanuric acid, showing crystals in 
severely-dilated tubules filled with proteinaceous casts (C) and 
in an atrophic glomerulus (D), hyaline droplets in the epithelial 
cells of proximal tubules (E) and neutrophil infiltrations in 
tubular lumen and interstitium (F). 



nephrotoxicity results initially from a physical blockage by 
crystals (Dobson et a/, 2008). In addition, there may be critical 
points in the concentrations of melamine and cyanuric acid 
to form insoluble crystals by producing multiple hydrogen 
bonds under specific environments of the kidneys (Whitesides 
et a/, 1991; Dobson et al, 2008). Virtually, no crystals and 
lesions were observed in rats treated with 5 mg/kg of melamine 
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plus cyanuric acid when compared to the animals co- 
administered 50 mg/kg each (the present study) or 400 mg/ 
kg and 40 mg/kg of melamine and cyanuric acid, respectively 
which showed many crystals and marked nephrotoxicity 
(Dobson et al, 2008). Several studies reported that melamine 
can be rapidly eliminated to the urine without metabolism 
in three hours of half-life (OECD, 1998), and that melamine 
has diuretic activity (Brown et al, 2007; Dobson et al, 2008). 
Therefore, it seems that a low dose (5 mg/kg) of melamine 
in combination with cyanuric acid would be easily cleared 
with limited formation and accumulation of crystals prior to 
the next (in 24 hours) daily treatment. 

Dobson et al (2008) reported profiles of renal crystals in 
rats treated with relatively high doses of melamine and their 
byproducts without in-depth explanation on the features of 
the crystals and their distribution in the kidneys. However, 
more detailed nature of the crystals was shown in dogs and 
cats poisoned following consumption of pet feeds adulterated 
with gluten containing melamine and cyanuric acid (Brown 
et al, 2007). Such findings were experimentally confirmed 
in cats by feeding a diet containing both melamine and cyanuric 
acid (Puschner etal, 2007). Typically, fan-shaped, bluish brown 
melamine crystals were found in distal tubules and collecting 
ducts of the kidneys, whereas oblong, lighter green, glassy 
oxalate crystals were found in proximal tubules induced by 
ethylene glycol. Unlike the proximal tubular injuries byoxalate- 
forming toxicants such as ethylene glycol, ochratoxin and 
citrinin, the distribution of crystals and nephritis in distal parts 
of the kidneys are one of the distinct features of melamine 
toxicity (Kitchen et al, 1977; Kogika et al, 1993; Brown et 
al, 2007). However, a high dose (400 mg/kg) of melamine 
plus cyanuric acid caused more wide crystal distributions, 
even in glomeruli (Figure 2D), which resulted in extensive 
lesions including proteinaceous casts in dilated distal tubules, 
hyaline droplets in proximal tubules, glomerular atrophy, and 
inflammatory responses in tubular lumen and interstitium 
(Figures 2C-2F). Furthermore, in spite of the recovery from 
the highly-increased BUN and creatinine levels 4 days after 
the withdrawal, the kidney weights and lesions were not readily 
improved. This may be due to the continuous irritation by 
long-lasting insoluble crystals as shown in a previous study 
performed in dogs and cats (Brown et al, 2007). 

In summary, these results suggest that oral ingestion of 
melamine in combination with cyanuric acid causes more 
severe renal damage than that by melamine alone. Notably, 
co-administration of melamine and cyanuric acid for only 



3 days apparently induced nephrotoxicity even at a NOAEL 
(50 mg/kg) for melamine. In this light, we concluded that 
TDI or regulatory/management levels of melamine need to 
be re-considered for cases of co-exposure with cyanuric acid. 
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